Abstract. In this paper we present a new approach for building metadata schemas by integrating existing ontologies and structured vocabularies (thesauri). This integration is based on the specification of inclusion relationships between thesaurus terms and ontology concepts and results in application-specific metadata schemas incorporating the structural views of ontologies and the deep classification schemes provided by thesauri. We will also show how the result of this integration can be used for RDF schema creation and metadata querying. In our context, (metadata) queries exploit the inclusion semantics of term relationships, which introduces some recursion. We will present a fairly simple database-oriented solution for querying such metadata which avoids a (recursive) tree traversal and is based on a linear encoding of thesaurus hierarchies.
Introduction
In open and evolving environments such as the World Wide Web, discovering, integrating, and accessing information are difficult and complex tasks due to the semantic heterogeneities [30] resulting from the different terminologies and conceptualizations employed by the various information providers and consumers.
Providing access to heterogeneous and distributed databases through integrated views has been studied since the early 1980s [6] . A large number of papers exist on the integration of distributed databases and [36, 43, 46] are comprehensive studies on the topic. However, such approaches for data integration are not appropriate anymore for new applications based on the integration of a large number of Web resources that are not necessarily strongly structured or have a structure which is not fully available.
New approaches to this issue have been proposed in the past ten years. All of these are based on a three-tier architecture, where applications access wrapped information sources via mediators. In this paper, we focus on mediation models based on the creation and exchange of semantic metadata [32] describing the contents of shared Web resources in terms of a common domain specific vocabulary or metadata schema. A metadata schema organizes information within a domain of interest and is defined by a community of people who want to provide tools for describing and querying resources within this domain. More precisely, a metadata schema is comprised of: (1) a vocabulary, i.e., a set of element names to be used for the description of information in a domain (e.g., the creator, title elements of the Dublin Core metadata element set [18] ); and (2) a set of semantic relationships for information structuring. We first present a modular approach for the creation of metadata schemas based on the integration of existing ontologies and thesaurus hierarchies defined according to the ISO 2788 standard for monolingual thesauri [31] .
Each new source is added in the system by providing to the mediator its description. More precisely, a source description expresses the contents and the semantics of a source in terms of the metadata schema. For describing sources, a knowledge-base approach is often advocated. Information Manifold [3] , and PICSEL [26] are examples of such systems, based on description logics to represent the metadata schema and the source descriptions. In this paper, we propose a database approach with limited expressive power compared to that of the above knowledge-based systems but which is more efficient in the context of large-size metadata schemas. We advocate that it is possible to efficiently implement the selection of sources according to their descriptions including the necessary reasoning mechanisms by using standard database technology.
Integrating ontologies and thesauri
Ontologies and thesauri can be considered as orthogonal ways for describing information. Ontologies are declarative specifications of the concepts and roles in a domain of discourse, and provide structural, sharable views of information. Thesauri are structured vocabularies (collections of terms), with rich semantics but restricted structural relationships. For example, although the Art & Architecture Thesaurus (AAT) 1 -one of the largest thesauri in the field of western art terminology -includes extended taxonomies of cultural artifacts and styles, there is no explicit relationship denoting the fact that artifacts have a style. In our context, ontologies are perceived to have a dual role: provide a generic view of information and a structural interface over thesauri.
We follow a two-step approach to the construction of metadata schemas. In a first step, we specify for each ontology concept a set of thesaurus terms. The result is a connection relation between terms and concepts carrying inclusion semantics. In a second step, a concept thesaurus is extracted automatically for each concept. This thesaurus contains the terms connected to the concept in the connection relation, along with hierarchical term relationships derived from the initial thesaurus. The integration of these thesauri with the ontology produces a metadata schema consisting of: (1) a structural view provided by the ontology; (2) connection relations between concepts and terms; and (3) thesaurus hierarchies.
The result of this integration is a conceptual metadata schema that can be used for several purposes.
Creating RDF schemas
The first application of our integration process is the creation of RDF [9] metadata schemas. The Resource Description Framework (RDF) is a metadata specification language that supports standard mechanisms for the representation of metadata schemas as well as source specific metadata (source descriptions).
Whereas RDF is very useful for the representation of metadata in the form of XML documents, it does not provide any methodology for the construction of metadata schemas, which is a difficult and time-consuming task especially in environments that comprise a large number 1 http://www.ahip.getty.edu/vocabulary/aat_intro.html of information sources. Moreover, RDF offers no mechanism to decide whether a particular metadata schema meets the needs of an application or domain. Our integration model can be considered as a possible methodology for creating complex RDF schemas by using existing semantic components (ontologies, thesauri) that describe the organization of information within a domain of discourse.
Source description and discovery
The second application of the resulting metadata schema discussed in this paper is (Web) resource description and discovery. In our context, a Web resource can be anything that is identified by a URL, i.e., a site containing a collection of documents with homogeneous or heterogeneous structure, a single document or a fragment of a document, an image. In this paper, we propose an efficient solution where a set of source descriptions is viewed as a database that can be queried for source addresses. In our context, efficiency is important because of the huge size of our metadata schemas (resulting from the large number of terms in the integrated thesauri) compared to traditional metadata schemas used in mediator-based systems.
To illustrate our approach, we take examples from the cultural application domain. Thesaurus examples are taken from the Art & Architecture Thesaurus (AAT), one of the Getty Information Institute's 2 ongoing projects and known as one of the largest thesauri in the area of western art historical terminology. Ontology examples are inspired from the ICOM/CIDOC Reference Model [19] which is the result of one of the most significant efforts for a formal representation of the basic notions of the cultural application domain. This paper is organized as follows. After having discussed related work (Sect. 2), we successively present in Sect. 3, the notions of ontology and thesaurus and our approach to the automatic construction of metadata schemas by integrating those semantic components. In the same section, we will also describe a straightforward translation of the resulting metadata schema into an RDF schema. Section 4 defines a resource description model for describing and querying Web resources based on our integrated metadata schema. An implementation of this description model with a standard object-oriented database system is presented in Sect. 5. Future work is discussed in Sect. 6.
Related work

Search engines
Within open and evolving environments such as the Web, full text and keyword-based search engines implement an easy and quite efficient access to the underlying data sources. Search engines such as Altavista 3 and Yahoo 4 provide enhanced search capabilities through the classification of Web resources (URLs) into hierarchically organized information categories. Users can restrict the search space of a keyword query by choosing some specific domain of interest in form of a category from the hierarchy, but cannot represent more sophisticated (e.g. structured) queries.
Mediation systems
Mediation systems [50] provide more flexible and powerful tools for integrating sources. The idea is to establish appropriate mappings between the source structure and the mediator's view. These mappings are used to select sources and rewrite user queries into several source queries. At present, there exist two main approaches used in mediation-based systems. In the first category, source integration is based on the global as view approach which relies on a flexible (semi-structured) data model to define global mediator views on heterogeneous sources. The data model and mapping language are able to represent and integrate data coming from heterogeneous structured and semi-structured sources. Representative systems in this category are TSIMMIS [11, 24] , YAT [13, 16] and MIX [5] . The second is based on the local as view approach where each source is described independently as a local view on the mediator domain model which captures the basic vocabulary of a certain domain, expressed in some database or knowledge-base formalism (e.g., Description Logics [7] ). Information Manifold [3] , SIMS [12] , PICSEL [26] , Infomaster [25] , and DISCO [49] are basic examples of such systems.
An important part of the research has been directed towards the use of ontologies as mediator domain models. One of the first systems to follow this approach was Carnot [17] that uses the CYC [35] knowledge base for describing source contents. The CYC ontology contains about 10 5 general concepts and 10 6 assertions on these concepts. An information source is integrated in Carnot by providing mapping rules between the source structures and CYC structures in the form of articulation axioms. User queries are formulated using the CYC structures, which are then translated into local structures through the established mapping rules.
Similar to Carnot, OBSERVER [37] and its later version InfoQuilt 5 use a knowledge-base approach based on the CLASSIC description logics [8] to provide access to heterogeneous sources. Each information source is described by a source-specific ontology and interoperation is achieved through inter-ontology relationships.
Annotation systems
Document annotation systems constitute a different way to information integration and querying on the Web. Data integration is obtained by annotating Web documents with semantic tags originating from ontologies that explicitly capture the semantics of the document contents.
SHOE [29] (Simple HTML Ontological Extensions) extends the HTML element set with new element types derived from application specific ontologies. In order to be able to query Web documents according to their annotations, the SHOE crawler gathers and stores the annotations of HTML pages in a knowledge base (Parka) that can be queried via first-order conjunctive queries.
Ontobroker [21] consists of tools that enhance query access and inference services for Web documents. Similar to SHOE, HTML pages are annotated by element tags derived from application specific ontologies defined by using a logical object model with inference rules based on FLogic. As in SHOE, annotated HTML pages are gathered and annotations are extracted and stored in the Ontobroker knowledge base that can be queried with a powerful logical query language.
OntoSeek [28] supports content-based access to the Web, designed for information retrieval from online yellow pages and product catalogs. OntoSeek combines an ontology driven content matching facility with a moderately expressive representation formalism. In OntoSeek the ontology incorporated is Sensus [33] based on WordNet [40] linguistic ontologies. Resource descriptions are arbitrary linguistic expressions (sentences) which are encoded as linguistic conceptual graphs using the previously mentioned ontologies. The bottleneck of this approach is that the semantics obtained by a linguistic analysis of a description might not correspond to the initial semantics defined by its author. Moreover, Sensus contents do not often correspond to real-world relationships between classes of entities in the world, making difficult the precise encoding of information.
Quest [4] was designed and implemented for querying and manipulating documents written in the OHTML [34] markup language. OHTML supports fine granularity semantic tagging of HTML pages. In contrast to the previous systems that require extensions of the HTML tags, in Quest, annotations are encoded as HTML comments with no incidence on the actual structure of the HTML page. OHTML annotations are viewed as OEM [42] objects, expressed in textual form within an HTML page. Quest uses the W3Lorel query language, based on the Lorel [2] language to query the OEM objects (semantic view), as well as the hypertext view (HTML tags) of the document. Following this semi-structured approach, Quest allows for arbitrary tagging of HTML pages, offering a flexibility to the user on the choice of semantic tags. On the other hand, it introduces a certain degree of semantic ambiguity allowing users within the same community to annotate, using different terminologies, closely related document contents.
Metadata vocabularies
Over the past years a great amount of effort has been invested in the development of metadata vocabularies for the exchange of information across different applications and domains. Dublin Core 6 contributes to semantic interoperability by promoting a common set of elements which can be used to describe in a consistent manner information concerning the contents of electronic documents, such as their title, creator, or subject. USMARC 7 defines a set of descriptive elements for the representation and exchange of bibliographic data. In the cultural domain, the Aquarelle Project [39] uses the XML CI DTD (Document Type Definition) of the French Ministry of Culture 8 to describe a set of element names, dedicated to territory inventory making. All the above metadata element sets are the result of the collaboration of a number of user communities and other authorities in the corresponding fields.
Contribution
Our contribution is twofold. First, the proposed integration of ontologies and thesauri can be considered as a methodology to construct annotation and mediation schemas by (re-)using existing semantic components in a domain of interest. This leads to efficient and scalable mediator designs for integrating and accessing sources within a domain of interest. The second contribution is a fairly simple database-oriented solution for querying metadata, which avoids recursive tree traversals on thesauri based on a linear encoding of thesaurus hierarchies. Whereas the expressive power of source descriptions is limited compared to more powerful knowledge-based mediator systems, metadata query evaluation can be implemented in a very efficient way.
3 Integrating ontologies and thesauri
Ontologies
The term ontology has been used in several disciplines, from philosophy to knowledge engineering, where an ontology is comprised of concepts, concept properties, relationships between concepts and constraints. Ontologies are defined independently from the actual data [27] , reflect a common understanding of the semantics of the domain of discourse and are used to share and exchange Definition 1. An ontology is a triple O = (C, R, isa) defined as follows :
. . , c n } is a set of concepts, where each concept c i refers to a set of objects (concept instances). 2. R = {r 1 , r 2 , . . . , r m } is a set of binary typed roles between concepts. 3. isa is a set of inheritance relationships defined between concepts. Inheritance relationships define a partial order over concepts and carry subset semantics.
Ontologies can be represented as labeled directed graphs where nodes correspond to concepts, and arcs correspond to roles and isa relationships. Figure 1 illustrates an example ontology, inspired from the ICOM/CIDOC Reference Model [19] which is used to describe cultural information. Concept Physical Object collects all physical objects, the latter composed of other physical objects. Activities (concept Activity) are associated with physical objects, the former performed by persons, institutions and organizations (concept Actor). Concepts Biological Object and Man-Made Object are sub-concepts of Physical Object and inherit all roles defined in their superconcept. Instances of Man-Made Object have a title (role has-title) instance of concept Title and have been created in a specific period (role of-period, instance of concept Period). Iconographic Object is a sub-concept of Man-Made Object. Iconographic objects have a style (role style), instance of concept Style.
Thesauri: structured vocabularies
A vocabulary is a collection of terms that describe information in a domain of interest. Examples of such vocabularies are the ACM Computing Classification System 9 , the Library of Congress Subject Headings 10 , the Unified Medical Language System 11 , and the Art & Architecture Thesaurus 12 in the cultural domain. Thesauri are structured vocabularies of thousands of terms which are used as an efficient means for consistent indexing and retrieval of information.
Thesaurus terms are considered as the representation of concepts in the form of a noun or a noun phrase. Concepts are perceived by thesaurus developers as referring collectively to a set of objects (concept instances) [38] that are considered as such, not with respect to a formal classification process but through a common agreement. Under this perspective, the interpretation of a thesaurus term is a set of objects, which we call the extension of the term. Thesauri are said to be structured since they include a fixed set of semantic term relationships. Due to the set theoretic definition of terms, these semantic relationships are interpreted as relations between sets [20, 47] .
The ISO 2788 Standard [31] for the documentation and establishment of monolingual thesauri defines the following four kinds of term relationships which distinguish structured thesauri from arbitrary collections of terms:
1. Generalization (broader term generic -btg).
Instance (broader term -bt).
3. Partitive or part-of (broader term partitive -btp).
Associative (related term -rt).
Equivalence (used for term -uf ).
Term relationships btg and btp are called hierarchical. In this paper we are only concerned with btg relationships 13 which carry subset semantics and are the most frequently used hierarchical relationships. Nevertheless, our approach can easily be extended with equivalence relationships; equivalent terms generally play the role of synonyms. In our approach a term (or descriptor) can be considered as a canonical name for the equivalence class defined by the equivalence relationship.
btg-relationships are transitive and organize terms with similar semantics into directed acyclic graphs (DAG), referred to as hierarchies, or classification schemes. Two examples of btg-hierarchies are shown in Figs. 2 and 3. For example in Fig. 2 , the term paintings is broader than oil paintings, with the interpretation that oil-paintings are paintings. A thesaurus hierarchy is defined by its root term, a term with no broader term (e.g., <visual works> in Fig. 2 ). We assume mono-hierarchical thesauri which can be represented by a forest of hierarchies where each term has exactly one broader term.
Although the definition we give is not complete with respect to all possible term relationships existing in 10 http://www.grci.com/services/library/libcongress/index.shtml 11 http://gmedserv.nlm.nih.gov/research/umls 12 http://www.ahip.getty.edu/vocabulary/aat_intro.html 13 The interested reader can refer to ISO 2788 [31] for a deeper presentation of the remaining term relationships. 
Definition 2.
A thesaurus is a couple T = (D, btg) such that 1. D = {t 1 , t 2 , . . . t n } is a set of terms. 2. btg defines a partial ordering in D where each term has at most one predecessor.
Integrating ontologies and thesauri
In this section, we present a methodology for the construction of metadata schemas based on the integration of existing ontologies and thesaurus hierarchies. The construction is done in two steps. In the first step, we specify for each ontology concept c, a set of terms, considered as sub-concepts of c. This step is similar to establishing inter-schema assertions [10] for database schema integration and cannot be a completely automated process since it requires the knowledge of the thesaurus and the ontology semantics. In the second step, a concept thesaurus is extracted automatically for each concept. This thesaurus contains the terms connected to the concept in the first step, along with broader-generic (btg) relationships derived from the initial thesaurus, which can be done automatically. The integration of each extracted concept thesaurus with the ontology produces a metadata schema consisting of a structural view (provided by the ontology) and a semantic view (provided by thesaurus hierarchies).
Step 1: Specialization of concepts with terms
In the first step of the integration process, thesaurus terms are "connected" to ontology concepts. These connections belong to a binary connection relation Con ⊆ D × C over a set of thesaurus terms D and a set of ontology concepts C. An example of a connection relation is presented in Fig. 4 . Terms impressionism, postimpressionism and abstract impressionism of the Art & Architecture Thesaurus hierarchy Styles & Periods (Fig. 3 ) describe specific styles (ontology concept Style in Fig. 1 ). Term first-impressionism of the same hierarchy describes both a style and a period (concepts Style and Period, respectively). Similarly, term renaissance and its narrower terms of hierarchy Styles & Periods describe different types of styles and periods (ontology concepts Style and Period, respectively). Finally, terms paintings, oil paintings, and sculpture of the AAT hierarchy Visual Works (Fig. 2 ) describe different kinds of iconographic objects (ontology concept Iconographic Object).
The way the user actually chooses the concepts to be connected to a given term will not be discussed in this paper. Briefly speaking, either one connects t with some concept c with the assumption that all descendants of t are connected to c or one chooses explicitly among the descendants of t.
In the previous example, we do not connect the whole thesaurus hierarchy Styles & Periods to concepts Style and Period. We adopt this selective approach, i.e., relating thesaurus terms to ontology concepts explicitly, for several reasons. An obvious reason is that some terms could be out of the scope of the application that has to be described by the resulting metadata schema. For example, if some application is only concerned with paintings, then terms referring to artifacts other than paintings (e.g., sculpture, drawings) need not be considered in the resulting schema. Another reason is that some terms (e.g., guide terms in [31, 48] ) are used to organize thesaurus hierarchies (e.g., <visual works by medium or technique>) and might have no use for describing information. Finally, another important reason is that thesaurus hierarchies might contain terms which can be connected to different (Fig. 3) describe styles (e.g., impressionism), periods (e.g., art deco), or both styles and periods (e.g., renaissance). Connecting terms to concepts in a selective manner allows users to clarify between the multiple semantics of a term (e.g., as in the case of homonyms) and consequently resolve semantic ambiguities at the thesaurus level.
Observe that a term can be connected to several concepts. For example, in the connection relation illustrated in Fig. 4 , term first-impressionism is connected to both Style and Period concepts.
Step 2: Thesaurus extraction After having defined the connection relation between terms and concepts, we extract for each concept in the connection relation, a thesaurus, called concept thesaurus.
Let T be a thesaurus connected to a subset of concepts S ⊆ C by a connection relation Con S . Then, extract(S, T ) is a new thesaurus that contains: (1) the subset of all terms in T connected to concepts in S; and (2) all btg relations between these terms, induced by the btg relations in the initial thesaurus. More precisely: relation. -btg is induced by the partial order defined by btg on terms in D : for all pairs of terms t and t in D , if btg(t, t ), i.e. t is a broader term of t in the initial thesaurus T , then btg (t, t ), i.e. t is a broader term of t in the new thesaurus extract(S, T ).
It is possible to define a concept thesaurus T c for each concept c in the set of ontology concepts S as follows: Definition 4. Let T be a thesaurus, S c be the set of subconcepts of c including c, and Con Sc be a connection relation defined for T and S c . Then the concept thesaurus associated with c is defined as T c = extract(S c , T ). For the definition of a concept thesaurus we exploit not only the btg relations between the terms but also the isa relationships at the ontology level. Consider the example in Fig. 5 . Terms t, v, and w are connected to concepts c, d, and e, respectively. The extraction operation on concept c will construct the thesaurus T c that contains, besides term t, terms v and w that are connected to its sub-concepts. Observe also that a term can appear in multiple concept thesauri, and terms that are not connected to any concept such as, for example, term u in Fig. 5 , have disappeared from the concept thesauri. Moreover, the selection operation on concept c created a btg relation between terms w and t which were not directly related in the original thesaurus.
At this point, we should mention that a concept thesaurus can be induced by those of its super-concepts. For example, if d is a sub-concept of c, and T c is the concept thesaurus of c, then the concept thesaurus of d can be extracted from thesaurus T c as follows:
In the previous example, only concept thesaurus T c of concept c has to be extracted from the original thesaurus T . All thesauri corresponding to subconcepts of c might then be created on demand during the creation of the metadata schema (Sect. 3.4).
RDF schema construction
The first application of the resulting metadata schema is straightforward and consists in the creation of an RDF schema. Ontology concepts and thesaurus terms in the metadata schema are modeled as RDF classes and ontology roles correspond to RDF properties. Ontology isa relationships, connection relations between terms and concepts, and btg relations between terms all carry inclusion semantics and are modeled with the RDF subclassOf property.
Resource Description Framework
The Resource Description Framework (RDF) is a foundation for processing metadata [9] 14 which supports standard mechanisms for the representation of metadata schemas as well as source specific metadata. It relies on a simple, graph-based data model and uses XML (eXtensible Markup Language) 15 to communicate and process metadata in a machine-readable and humanunderstandable format. Similar to the separation of schema and instance in traditional databases, we can distinguish between RDF schemas and RDF descriptions (instances of an RDF schema). Figure 6 shows an RDF description for a Web page that describes a painting of the French painter Claude Monet. The XML namespace mechanism allows the specification of different RDF schemas. For example, lines 2 and 3 define two XML namespaces: xlmns:web-page and xlmns:artifact. The first one contains general properties of HTML pages (title, presents, creator) and the second one specifies properties of cultural artifacts (title, style, type, period). This mechanism is very useful since it permits the reuse of existing, distinct RDF schemas within the same RDF description, without creating name conflicts (e.g., web-page:title, artifact:title). Line 4 tells us that the description that follows concerns the HTML page which can be accessed by the URL http://metalab.unc.edu/louvre-/paint/monet/first/impression/. The title of this page is "Web Museum: Monet, Claude : Impression : soleil levant " (line 5) and has been created by Nicolas Pioch (line 14). To describe properties of the painting, it is necessary to define a local resource which is identified by URI soleil_levant that refers to the painting. The painting's properties are its type (oil painting, line 8), title (Impression : soleil levant, line 9), style (impressionism, line 10), and period (first-impressionism, line 11).
RDF descriptions
RDF can be used to describe any kind of resource, identified by a URI (uniform resource identifier), such as a Web server, an XML document or an element of an HTML page (e.g., an image). RDF supports the definition of resource properties whose values can be other resources or literals (strings, integers). A collection of property/value pairs that refers to a specific resource is called an RDF description and can be represented as a labeled directed graph where nodes correspond to resources or literals (values) and edges to resource properties.
RDF schemas
The RDF Schema Specification Language [9] is a declarative language used for the definition of RDF schemas 16 incorporating aspects from knowledge representation models (e.g., semantic nets), database schema definition languages and graph models. It is a simple language of restricted expressive power compared to predicate calculusbased metadata languages such as CycL [35] and KIF 17 .
1. <rdf:RDF xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#" 2.
xmlns:web-page ="http://metalab.unc.edu/louvre/namespaces/web-pages" 3.
xmlns:artifact ="http://metalab.unc.edu/louvre/namespaces/artifacts"> 4. <rdf:Description about="http://metalab.unc.edu/louvre/paint/monet/first/impression"> 5.
<web-page:title>Web Museum: Monet, Claude: Impression: soleil levant </web-page:title> 6. <web-page:presents> 7.
<rdf:Description about="soleil_levant"> 8.
<artifact:type>oil painting</artifact:type> 9.
<artifact:title>Impression : soleil levant</artifact:title> 10.
<artifact:style>impressionism</artifact:style> 11.
<artifact:period>first-impressionism</artifact:period> 12.
</rdf:Description> 13.
</web-page:presents> 14.
<web-page:creator>Nicolas Pioch</web-page:creator> 15. </rdf:Description> 16. </rdf:RDF> Fig. 6 . An RDF description for resource http://metalab.unc.edu/louvre/paint/monet/first/impression 1. <rdf:RDF xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#" 2.
xmlns:rdfs="http://www.w3.org/TR/1999/PR-rdf-schema-19990303#" 3.
xmlns:artifact=""> 4.
<rdfs:Class rdf:ID="Man Made Object"></rdfs:Class> 5.
<rdfs:Class rdf:ID="Iconographic Object"> 6.
<rdfs:subclassOf rdf:resource="#Man Made Object"/></rdfs:Class> 7.
<rdfs:Class rdf:ID="Style"></rdfs:Class> 8.
<rdfs:Class rdf:ID="Period"></rdfs:Class> 9.
<rdf:Property rdf:ID="style"> 10.
<rdfs:domain rdf:resource="#Iconographic Object"/> 11.
<rdfs:range rdf:resource="#Style"/> </rdf:Property> 12. <rdf:Property ID="title"> 13.
<rdfs:domain rdf:resource="#Man Made Object"/> 14.
<rdfs:range rdf:resource="#rdfs:Literal"/></rdf:Property> 15. <rdf:Property rdf:ID="period"> 16.
<rdfs:domain rdf:resource="#Man Made Object"/> 17.
<rdfs:range rdf:resource="#Period"/></rdf:Property> 18. </rdf:RDF> Fig. 7 . An RDF schema for describing cultural resources An RDF schema defines classes and properties which can be instantiated in RDF descriptions. Classes are organised into hierarchies using the property rdfs:subclassOf which is defined in RDF Schema (namespace rdfs) which has the standard semantics of class inheritance in objectoriented data models. For example, the RDF schema illustrated in Fig. 7 defines class Man Made Object (line 4) and its subclass Iconographic Object (lines 5,6). It also defines classes Style (line 7), Period (line 8). The RDF schema allows both typed and untyped properties. Properties in our example are typed (i.e., they have a restricted domain and range). In Fig. 7 , property period (line 15) is defined between classes Man Made Object (line 16) and Period (line 17), using the RDF schema properties rdfs:domain and rdfs:range, respectively. Summarizing, RDF offers a rich, comparatively simple graph-based data model and supports the definition of source specific metadata (RDF descriptions) and metadata schemata (RDF schemas). It uses XML for the syntactical representation, exchange, and processing of these metadata.
RDF metadata schema construction
The creation of the RDF schema S for an ontology O = (C, R, isa), and a set of concept thesauri T c = (D, btg) is straightforward:
1. RDF classes: for each ontology concept c and for each term t in T c , define RDF classes c and c:t, respectively. 2. RDF properties: for each typed role r(c, d) in R define an RDF property with rdfs:domain RDF class c and rdfs:range RDF class d. 3. RDF subclassOf properties: define an rdfs:subclassOf property between the corresponding RDF classes for each isa (and btg) relation between ontology concepts (and thesaurus terms). In addition, for each RDF class c:t, that corresponds to the root term of concept thesaurus T c , add an rdfs:subclassOf property between classes c:t and c.
It is interesting to note that we connect only the root term of each concept thesaurus to the corresponding concept. Due to the transitivity of the rdfs:subclassOf property, it can be induced that a term t is a subclassOf another term t or a concept c. The RDF schema illustrated in Fig. 8 has been constructed from the ontology in Fig. 1 , the thesaurus classification schemes in Figs. Fig. 2 and Fig. 3 , and the connection relation in Fig. 4 .
Ontology concepts Man Made Object, Iconographic Object, Style, Period and terms oil paintings, paintings, im-1. <rdf:RDF xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#" 2.
xmlns:int=""> 4.
<rdfs:Class rdf:ID="Physical Object"></rdfs:Class> 5.
<rdfs:Class rdf:ID="Man-Made Object"> 6.
<rdfs:subclassOf rdf:resource="#Physical Object"/></rdfs:Class> 7.
<rdfs:Class rdf:ID="Iconographic Object"> 8.
<rdfs:subclassOf rdf:resource="#Man-Made Object"/></rdfs:Class> 9.
<rdfs:Class rdf:ID="Period"></rdfs:Class> 10. <rdfs:Class rdf:ID="Title"></rdfs:Class> 11. <rdfs:Class rdf:ID="Style"></rdfs:Class> 12. <rdf:Property rdf:ID="of-period"> 13.
<rdfs:range rdf:resource="#Period"/></rdf:Property> 15. <rdf:Property rdf:ID="title"> 16.
<rdfs:range rdf:resource="#Title"/></rdf:Property> 18. <rdf:Property rdf:ID="style"> 19.
<rdfs:domain rdf:resource="#Iconographic Object"/> 20.
<rdfs:range rdf:resource="#Style"/></rdf:Property> 21. <rdfs:Class rdf:ID="paintings"> 22.
<rdfs:subclassOf rdf:resource="#Iconographic Object"/></rdfs:Class> 23. <rdfs:Class rdf:ID="oil paintings"> 24.
<rdfs:subclassOf rdf:resource="#paintings"/></rdfs:Class> 25. <rdfs:Class rdf:ID="impressionism"> 26.
<rdfs:subclassOf rdf:resource="#Style"/></rdfs:Class> 27. <rdfs:Class rdf:ID="first-impressionism"> 28.
<rdfs:subclassOf rdf:resource="#Period"/></rdfs:Class> 29. </rdf:RDF> Fig. 8 . The RDF schema resulting from the integration of the ontology and thesaurus 1. <rdf:RDF 2. xmlns:web-page ="http://metalab.unc.edu/louvre/namespaces/web-pages" 3. xmlns:int ="http://www.connectit.com/icom/aat"> 4. <rdf:Description 5.
about="http://metalab.unc.edu/louvre/paint/monet/first/highway/"> 6.
<web-page:title>Web Museum: Monet, Claude :Impression : soleil levant</web-page:title> 7.
<web-page:presents> 8.
<int:oil paintings 9.
about="http://metalab.unc.edu/louvre/paintings/monet/impression"> 10.
<int:title>Impression : soleil levant</int:title> 11.
<int:style><int:impressionism/></int:style> 12.
<int:of-period><int:first-impressionism/> 13 </int:of-period> 14.
</int:oil paintings> 15.
</web-page:presents> 16.
<web-page:creator>Nicolas</web-page:creator> 17. </rdf:Description> 18.</rdf:RDF> Fig. 9 . RDF description for Claude Monet painting using the integrated schema pressionism, and first-impressionism are all represented as RDF classes (lines 5,7,9,11,21,23,25,27 Using this RDF schema, one can provide RDF descriptions about specific Web resources. For example, a new RDF description for the source described in Fig. 6 is shown in Fig. 9 .
When comparing this new description with the previous one, one can observe that we have replaced namespace artifact by a new namespace int which corresponds to the RDF schema in Fig. 8 . In this RDF description, semantic information that was captured as a value in the previous description has been added at the schema level. For example, the fact that the resource described an impressionist painting was encoded in the value of tag <artifact:style>. This value corresponds in fact to a term in the AAT and is represented as an instance of class int:impressionism (line 11) in the new schema. The same argument holds for the value firstimpressionism which is now represented as an instance of RDF class int:first-impressionism (line 12). Observe also (tag <rdf:Description>) (Fig. 6, line 7) , has been replaced by a typed node tag <int:oil paintings> (line 8) indicating that the described resource is an oil painting.
Resource description model
A metadata schema resulting from the above integration process describes a domain of interest and is defined by a community of people that want to provide tools for describing and querying resources in this domain. In particular, those tools allow the sharing of a dynamic set of Web resources. A source that is integrated in the system, provides a description of its structure, contents or even of some semantics which is not explicit in the data nor in its structure. This description is made in terms of the metadata schema. Once a source has provided its description, it becomes visible to the system and it is said to be published. At a given time instant, the pair (schema, set of source descriptions) is called the description base (dB).
The description base (dB) is managed by a mediator which provides to the user a uniform view of the published sources and a user must express his/her query to the mediator in terms of the metadata schema.
Transparently to the user, the mediator selects a subset of sources as an answer to a user query. If a selected source s contains a collection of documents, the mediator could forward to s a subquery based on the user query in order to filter the documents (fragments) of interest in s. The mediator can then construct query plans that are sent to the selected sources for evaluation, and gathers the returned results. In the general mediation scenario we have described, we could identify two phases: the first is the one of identification of the relevant sources to a user query, known as the resource discovery phase; the second is the construction of query plans, their evaluation by the sources, and the fusion of the returned results. In this paper, we do not address this second step. We restrict our attention to the first issue which is the identification of the sources relevant to a user query.
Our approach views the dB as a database queried for source addresses. A source address, called in the sequel a url can be the address of a site containing a collection of documents with homogeneous or heterogeneous structures, the address of a single document or that of a document fragment. Once the user has obtained a set of urls, he/she is able to access each of them. In the following, we first define the resource description model. Next, we specify the semantics of a dB for a given schema and a given set of described sources. An implementation of this model is discussed in Sect. 5. Examples of queries are given to illustrate our approach to resource discovery.
Description of sources
A source is described in terms of one or several concepts. For each concept c, we define a set of typed properties P (c) as follows:
1. If c is connected to some concept c through role r, we shall say that r is a (role) property of type c . 2. Each concept c is provided with a specific property of name term and of type T c , where T c is the concept thesaurus of c. Note that here a thesaurus term t is considered as a value of property term while in the RDF schema presented in Sect. 3.4 a term t that belongs to the concept thesaurus of a concept c was viewed as a sub-concept of c. 3. Let A be a set of atomic values. Without loss of generality, we assume that A is the set of strings 19 . Then, it is possible to create for a concept c a new property p of type A. Property p is referred to as a value property of c. The enrichment of the metadata schema with value properties allows us to refine source descriptions, but the price to be paid is an increase in the size of the dB. 4. There is no other property in P (c).
To describe some source, one chooses to specify properties of one or several concepts. More precisely, a (source) description is a tuple (u, c, d) where u is the URL of the source to be described and d is a concept descriptor for concept c defined as follows. Let P (c) be the set of properties of some concept c. A concept descriptor for concept c is a tuple d = (
can be used at most once in a descriptor, -if p i is the term property then d i is a term of the thesaurus T c , -if p i is a value property r of type A, then d i is an element of A. -if p i is a role property r of type c , then
where d is a concept descriptor for concept c .
The following examples of source descriptions rely on the ontology of Fig. 1.  1. (url1, Actor) . 2. (url2, Actor, name = "Monet"). 3. (url3, Actor, term = "painter", name = "Monet"). 4. (url4, Activity, performed_by = Actor). 5. (url5, Activity, performed_by = "painter"). 6. (url5, Physical_Object, of_period = "impressionism",term = "paintings"). The first description defines no properties on concept Actor (the description is the empty tuple []) and source url1 is about any kind of actors. The second source url2 is about actors whose name is Monet (name is a value property of concept Actor of type String). The third source url3 is about painters (term = "painter") with the name "Monet" (painter is a term of the thesaurus connected to concept Actor). The fourth description says that source url4 is about activities performed by any kind of actors (concept Activity associated to concept Actor through role performed_by). Finally, source url5 is described by the last two descriptions stating that this source is about activities of painters and about paintings (term="paintings", concept Physical Object) of the impressionist period.
The two last descriptions are shortcuts for (url5, Activity, performed_by = (Actor, term = "painter")) and (url5, Physical_Object,term="paintings",of_period=(Period, term="impressionism")).Whenthereisnoambiguity(single target concept for a role), the target concept may be omitted. Similarly, by convention if no value is specified for the term property of a concept c, then as value is considered to betheroottermofc'sconceptthesaurus.
Object-oriented description base
A dB is a set of source descriptions, as defined in the previous section. It corresponds to a set of sources published at a given time instant, each of the sources is classified by one or more concepts of the metadata schema. We use a classical object-oriented database approach to represent and interpret descriptions: a class is defined for each concept and a description is an object of this class. The extension of class c, i.e., the set of objects of class c stored in the dB represents the descriptions classified by c. The dB is the union of the extensions of all classes. The only peculiarity of this object-oriented representation comes from the semantics associated with the term hierarchies in concept thesauri: if o corresponds to the source description
) also belongs to the extension of c. In other words, if (u, c, d) is a source description in the dB, then (u, c, d ) also belongs to the dB. For example: (i) term paintings and oil_paintings are terms in the concept thesaurus of Iconographic Object; (ii) term paintings is a broader term of oil_paintings; and (iii), if a source u in the description base is about oil_paintings, then the description base also describes this source as being about paintings.
Observe that:
-if no URL is described by concept c, the extension of c is empty (c has no description instance), -if (u, c, d) is in the extension of c and c is a superconcept of c, then (u, c , d) is in the extension of c , i.e., all resources that are described by a concept description (u, c, d) are also described by a concept descriptor (u, c , d), where c is a sub-concept of c (inclusion semantics of isa).
Note also that except for the (thesaurus) term attribute defined on a tree-structured domain, our description model can be expressed by any object-oriented database model (see for example the model of [1] ), i.e., can be supported by any object-oriented system. In the following section, we shall show that by an appropriate coding of thesaurus terms, we do not need anymore an explicit tree structure (the tree structure being hidden in the value of the term), which renders the description model fully compatible with an object-oriented database representation.
Implementation
In this section we describe a prototype implementation of the dB with the object-oriented database system (ODBMS) O 2 [22] and its querying with the OQL query language [15] . Although perhaps too complex as an enduser language, OQL supports quite complex queries and allows a powerful mediation with information sources. We look at two possible implementations of the dB. The first subsection describes an implementation based on a representation of thesauri in form of trees. However, the performance of queries involving an extensive use of thesauri traversals might suffer from the somehow naive thesaurus internal representation. This is why we suggest in the second subsection a linearized representation of thesauri which should lead to significant performance gains.
A Naive object oriented implementation of the dB
Metadata schema concepts are implemented as O 2 classes. A source description (u, c, d) is an object of class c. Its value is a tuple whose attributes are: (i) a mandatory attribute with name url storing the url of the source described by the object; (ii) a mandatory attribute term that corresponds to term property and has for a value a thesaurus term; and (iii) as many attributes as the properties of the corresponding concept. A role property r is implemented as an attribute r referring to an object of class c , where c corresponds to the target concept of the role. Value properties p, i.e., properties for which the target is an atomic type A, are not referring to an object but have a value of type A, where A is an atomic type of O 2 20 . Terms are represented as objects (instances) of class Term. The value of each object o, instance of class Term, is a tuple of type [t, f ] where t is the name of the term (of type String) and f refers to its broader term. For each class c we define a persistent root cs (database entry point) of type set(c) which contains all objects of class c (all descriptions of concept c). Similarly, for each class c we define a persistent root tc of type set(Term) which contains all terms in the concept thesaurus of c. For evaluating queries requiring thesaurus traversals, we define in each class c the method tree(t : string) : set(T erm) which returns the set of narrower terms of t in the concept thesaurus of c. As mentioned previously, the query language used to query the dB is OQL. The user specifies a path in the ontology (by specifying role properties) as well as term and/or value attributes. A query always gives as a result a set of urls. We show below a few examples of queries on the schema of Fig. 1 This query selects all activities (instances of class Activity) associated with an object (instance of class ManMade Object) of the renaissance period (note that ofperiod is a property of type Period). 20 The O 2 object model is an hybrid model which includes objects encapsulated in classes and typed values which are not encapsulated into any class.
4. Sources about Picasso as a sculptor? This query selects all objects, instances of class Actor, whose name is "Picasso" and the term used to describe the actor is sculptor or one of its narrower terms. In this query, property name is a value property of type String. This query selects all sources, instances of class Actor, (note that role property performed_by of class Activity is of type Actor), where the term associated with the actor is painter or one of its narrower terms and the term associated with a man-made object (note that role property associated_with of class Activity is of type Man Made Object) is sculpture or one of its narrower terms.
Another thesaurus implementation
The above implementation takes advantage of the efficient optimization of OQL except in the presence of method tree in the where clause which allows us to deduce all descriptions in the dB that use a narrower term of the one present in the query. This thesaurus traversal is not only costly but may also lead to nonoptimal query execution plans. This is particularly true for complex queries such as the last one in the above examples. Therefore, even though querying in such a model only requires a limited form of deduction on the btg relation in concept thesauri, this facility becomes a central issue when querying description bases including thesauri with thousands of terms. The idea is then to transform thesaurus traversal queries into equivalent interval queries on a linear domain, which queries could then be efficiently answered by standard DBMS query languages without deduction mechanisms.
To achieve this, thesaurus terms are replaced by labels for which a convenient total order exists. The thesaurus tree is said to be linearized, as explained below.
The maximal degree or fan-out in any thesaurus is denoted by max, which means that each thesaurus term has at most max direct sons in the hierarchy. Assume for the time being that max = 9. At each level sibling sons are ranked from left to right, with rank in [1, max] . Let n be a node in the tree. We label n with a string over the integers i, 1 ≤ i ≤ max. The string length is d if n is at depth d in the tree. The i-th character in the label of n is equal to m if the i-th node in the path from root to n has for a rank m (its is the mth of its siblings from left to right). Figure 10 gives an example of labeled thesaurus with max = 9 where each term is only represented by its rank. Let label(t) denote the label of term t. Then the ascending lexical order on term labels is a total order with the following property: all labels in the sub-tree with root t are larger than label(t) and smaller than label(t ) where t is the next sibling of t on the right in the thesaurus. As an example (max=9), the next sibling of node n with label 22 has for a label 23 and the descendants of n are labeled by 221, 2221, 2222,..., 2227, 223 and 224.
Thenina descriptionstoredinthedB,a thesaurustermis representedbya stringlabelanddescriptionscanbeindexed (with the system B-tree) on the term label as any regular O 2 object.Further a typicalquerysuchasdescendantsoftermt (obtainedbytree(t)intheaboveimplementation),becomes an interval query on node labels: if the term n is labeled by 222, then tree(n) becomes the interval query [222, 223[. More generally, let next(n) be the label of the next sibling of n on the right. Query "t in tree(n)" becomes the interval query "label(t) between [label(n), label(next(n))[". As an example, the above OQL query for "Painters of sculptures" is rewritten as: select a.performed_by.url from a~in Activities lb in LActors, lm in LManMadeObjects where lb.term = ''painter'' and lm.term = ''sculture'' and a.performed_by.label between (lb.label, lb.nextlabel) and a.associated-with.label between (lm.label, lm.nextlabel)
We assume that with each class c is associated a class Lc defining the labels of the concept thesaurus for c, i.e., defining for each term t, its label and its next sibling label. With each class Lc is associated the entry point Lcs which is a collection of objects of class Lc. For example, the range of lb is the collection (labels) LActors. It corresponds to the term painter in the concept thesaurus of Actor and lb.nextlabel is the label of the next sibling of this term in the same thesaurus.
Compared to the same query with the tree implementation of the thesaurus, the two last clauses (tree traversal) are replaced by two selections and two interval queries on labels of the collections LActors and LManMadeObjects.
Three remarks are noteworthy. First, the price to be paid is the two supplementary selection clauses on labels. Of course LActors and LManMadeObjects must be indexed on the term attribute. Second, the descriptions must be preprocessed in order to replace terms by labels. Any change in the label of a term must be propagated to the descriptions. However, the advantage of this solution is two-fold: it allows us to process tree traversals by standard database optimization techniques on interval queries, and the performance gain to be obtained should be significant for queries involving large thesauri and several criteria on thesaurus terms.
Last, if the query involves several thesauri, the query can be transformed into a hyperrectangle query on a multidimensional space of labels. As an example, take the query above "Painters who painted sculptures". Any s 1 description having for a term a member in tree("sculptures ) and any s 2 description having for a term, a member in tree("painter ) is a candidate for the answer. Such a pair is a point in the two-dimensional space with coordinates a.perf ormed_by.label and a.associated_with.label. Then the two last and clauses can be replaced by a window query. This is illustrated by Fig. 11 : all points contained in the rectangle represent couples of descriptions on Actor and Man-Made Object (urls) candidates for the query answer. If queries involving both a thesaurus traversal on the concept thesaurus of Actor and Man-Made Object are frequent, it is worth creating a 2-dimensional index on Actor labels and Man-Made Object labels.
2-dimensional (Spatial) indexing methods [23] as well as spatial query processing strategies [41] are not yet fully integrated in the kernel of off-the-shelf DBMS. However a current trend of these DBMS is to provide simple and fairly efficient extensions to handle spatial data. As an example, [45] describes the spatial extension of the relational DBMS Oracle 8i.
We end up this presentation with a discussion on the choice of the maximal value of the fan-out max. Most thesauri have a maximal fan-out of the order of 100. As an example, the AAT thesaurus fan-out is 70. Then a reasonable value for max is 128 allowing to code a node label by a string of characters, each character being chosen in a vocabulary of 128 characters. If a node n with label l has a degree that happens to be larger than max 21 the following simple splitting strategy can be followed (see Fig. 12 which shows the tree of Fig. 10 after the split re- 21 Either upon the thesaurus creation or upon a term insertion posterior to the creation. sulting from the insertion of a son to the node with label 2, max = 9):
1. Create two sons for n with label 1 and 2. These two sons n 1 and n 2 are not associated with any term.
2. Assign to n 1 the (max + 1)/2 left sons of n and to n 2 the (max + 1)/2 right sons. Let l.i be the label of the ith son of n prior to the split. After the split if i ≤ max/2, its label becomes l.1.i , else it becomes l.2.i. This update has to be propagated recursively down the tree.
Future work
In this paper, we have presented a modular, componentbased approach to the construction of metadata schemas based on the integration of ontologies and thesaurus hierarchies. A prototype under development provides tools to support the creation of a metadata schema resulting from: (a) the specification of connection relations between a thesaurus T and an ontology O; and (b) the automatic creation of concept thesauri. We have also shown two applications using such metadata schema : (i) the automatic creation of RDF schema and (ii) the description and querying of source descriptions . Thesauri are represented as tree-structured attribute values, and although not supported by off-the-shelf DBMS, the use of treestructured domains is useful in several application areas, see for example [14, 44] . Our examples were taken from the cultural application domain which disposes a large number of thesauri. RCHME 22 (Royal Commission of the Historical Monuments of England), ICONCLASS 23 , ULAN 24 (United List of Artist Names), Thesaurus de l'Architecture of the French Ministry of Culture 25 are some of these thesauri. Nevertheless, the presented approach can also be applied to other scientific domains (e.g., medicine, biology or chemistry) or electronic commerce (e.g., electronic catalogue) applications that dispose rich classification structures.
An interesting issue concerns the specification of the connection relation. Whereas, this relation can be specified manually for a limited number of terms and concepts, its creation gets cumbersome when the number of connected terms and concepts increases. There are two possible solutions to this problem. First, thesaurus terms are often used for indexing documents. The existence of these terms at the data level might then be exploited for the automatic creation of the connection relation by using data mining techniques. The second solution consists in the definition of simple declarative queries (e.g., path expressions) for extracting sets of thesaurus terms.
As described in Sect. 4, the resulting metadata schema can be perceived as the domain model in mediation-based systems and it plays an essential role in achieving semantic interoperability between the sources. We are currently studying the use of the metadata schema to describe the structure of XML sources by establishing appropriate mapping rules between the XML DTDs and the metadata schemas in the spirit of the Xyleme Project 26 . We intend to implement a mediator that takes advantage of both the semantic source descriptions and the structural descriptions to mediate user queries to underlying information sources.
We are currently applying this approach to the definition of semantically rich domain models in the context of the C-Web project 27 . C-Web is primarily a resource discovery and information integration system for specific user communities on the Web, with a mediator-based architecture. As a resource discovery system, it allows us to describe existing information resources with structured metadata, acting as surrogates of the actual documents. A Web resource is viewed by the mediator as a valid XML document or a collection of valid XML documents. C-Web aims at selecting documents according to their description in a first step, and to send in a second step to selected sources a query in a standard XML query language and to integrate the result. In this context we are extending the description model of Sect. 4 so that the mediator can automatically generate XML queries from: (i) the user query; and (ii) the information found in the source description of sources being selected.
